Porcine respiratory diseases have heavily impacted the economy of the pig rearing industry worldwide. Actinobacillus pleuropneumoniae, an exemplar of these porcine respiratory pathogens, causes porcine pleuropneumonia, a very contagious and often fatal disease characterized by necrotic and hemorrhagic lung lesions, coughing, and severe respiratory distress. Fifteen serotypes of this gram-negative facultative anaerobic bacteria are presently known based on surface polysaccharides (56) . The virulence of this pathogen is accomplished with the help of many factors, including exotoxins, endotoxin, capsule polysaccharides, adhesins, and outer membrane proteins, such as iron acquisition systems.
The four pore-forming exotoxins of A. pleuropneumoniae, called Apx, are cytolytic and/or hemolytic (20, 51) . In fact, the virulence of the different serotypes coincides greatly with the presence of the Apx toxins, particularly ApxI and ApxII. Serotypes 1, 5, 9, and 11 are known to be especially virulent, and all express both ApxI and ApxII (19) .
As demonstrated by Jacques et al., lipopolysaccharides (LPS) are the major molecules responsible for adhesion, principally the core oligosaccharide region (45, 48) . However, other putative adhesins have also been described, such as type IV fimbriae expressed under specific conditions in different serotypes (63) , a 60-kDa collagen-binding protein (14) , a 55-kDa outer membrane protein (61) , and an autotransporter protein (4) .
A close relative of A. pleuropneumoniae, Aggregatibacter (Actinobacillus) actinomycetemcomitans, was found to be invasive of the human KB cell line and primary gingival cells (17) . The invasiveness of this strain has been shown to be related to the colonial morphology, since a switch from a rough to a smooth morphology leads to the loss of its invasive capacity. Haemophilus parasuis has also been shown to be invasive of porcine brain microvascular endothelial cells (43, 60) . Moreover, A. actinomycetemcomitans has been demonstrated to induce cell death by apoptosis of numerous cell types, while the cytolethal distending toxin of Haemophilus ducreyi has been shown to induce apoptosis of Jurkat T cells (23, 37) . Adherence, invasion, toxin secretion, and other mechanisms involved in the pathogenesis of Pasteurellaceae lead to changes in cellular processes, including the induction of nuclear factors and cytokine production. In fact, A. pleuropneumoniae stimulates the production of proinflammatory cytokines such as interleukin 1␤ (IL-1␤), IL-8, and tumor necrosis factor alpha (TNF-␣), which are detected in alveolar fluid and tissue lesions (56) . Likewise, a study by our group demonstrated that the produc-tion of IL-6, TNF-␣, IL-1␤, MCP-1, and IL-8 by porcine alveolar macrophages is induced by purified serotype 1 A. pleuropneumoniae LPS and by heat-killed bacteria (48) . IL-8, a neutrophil chemoattractant, is of particular interest, since neutrophil accumulation at the infection site is characteristic of porcine pleuropneumonia (56) .
Changes in bacterial gene expression also occur during infection. Studies have been conducted to investigate the gene expression of A. pleuropneumoniae under conditions mimicking that of the host. A study by our group used microarray technology to detect changes in gene expression of A. pleuropneumoniae serotype 1 grown under iron-restricted conditions (13) . In this study, many genes involved in iron acquisition were shown to be upregulated, while genes involved mainly in energy metabolism were downregulated. In vivo studies based on selective capture of transcribed sequences, in vivo expression technology, or signature-tagged mutagenesis (3, 4, 22, 31, 53) have allowed the detection of adhesin and toxin genes and of genes involved in metabolism, stress, regulation, and transport.
Epithelial cells play an important role as the interface between the host mucosal surfaces and the surrounding environment and are the initial site of colonization for most bacterial pathogens. Two porcine respiratory tract epithelial cell lines have been established and described in the literature, namely, the newborn pig trachea (NPTr) (15) and St. Jude porcine lung (SJPL) (52) cell lines. The NPTr cell line was established from a 2-day-old piglet from a pathogen-free herd, while the SJPL cell line was spontaneously established from the lung of a normal 4-week-old female Yorkshire pig (15, 52) .
The use of these cell lines has the possibility of generating a great amount of information on the infection mechanism of A. pleuropneumoniae, as well as that of other swine bacterial or viral respiratory tract pathogens. Consequently, we developed in vitro models using these cell lines and investigated hostpathogen interactions, including adherence, invasion, and bacterial transcriptomic profile, as well as cell death, nuclear factor expression, and cytokine production by the epithelial cells. This is the first report of models in which immortalized cell lines are used to study interactions of A. pleuropneumoniae with respiratory tract epithelial cells of porcine origin.
MATERIALS AND METHODS
Bacterial strains and culture conditions. All strains used in this study are listed in Table 1 . All A. pleuropneumoniae strains and the Pasteurella multocida capsular type A and D strains were grown in brain heart infusion (BHI) broth and/or agar (Gibco, Burlington, VT) supplemented with 15 g/ml NAD at 37°C in 5% CO 2 . The Actinobacillus suis strain was grown under the same conditions, with the addition of 25 g/ml nalidixic acid and 5 g/ml chloramphenicol. Both H. parasuis strains were grown on pleuropneumonia-like organism medium broth and on chocolate agar at 37°C without CO 2 .
Cell culture. The NPTr cell line (Instituto Zooprofilattico Sperimental, Brescia, Italy) (15) was grown at 37°C in 5% CO 2 in minimum essential medium (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% sodium pyruvate (Gibco). The SJPL cell line (St. Jude Children's Hospital, Memphis, TN) (52) was grown at 37°C in 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) (Gibco), supplemented with 10% fetal bovine serum, 1% sodium pyruvate, and 1.5% minimal essential medium nonessential amino acids solution (Gibco). Both cell lines were tested by PCR using porcine-specific primers, and amplicons were sequenced to ensure their origin (41) .
Cytotoxicity detection assay. The cellular cytotoxicity was measured in the different assays using the lactate dehydrogenase (LDH)-measuring CytoTox 96 nonradioactive cytotoxicity assay (Promega, Madison, WI) as prescribed by the manufacturer. Noninfected cells were used as a negative control, while total lysis of cells by a treatment with 2% Triton X-100 represented the 100%-cytotoxicity positive control. Optical densities at 490 nm were measured with a Power Wave X340 (Biotek Instruments Inc, Winooski, VT) microplate reader and used to calculate the percentage of cytotoxicity.
Apoptosis detection assays. Apoptosis assays were performed using the cell death detection enzyme-linked immunosorbent assay (ELISA) (Roche, Laval, Québec, Canada) and the caspase-3 Western detection kit (Cell Signaling Technology Inc., Beverly, MA) as prescribed by the manufacturers. A bacterial suspension at an optical density at 600 nm (OD 600 ) of 0.6 was added to a confluent monolayer of cells at a multiplicity of infection (MOI) of 10:1 and incubated for 3 h at 37°C in 5% CO 2 . Uninfected cells were used as negative controls, and cells treated with 20 g/ml camptothecin (Sigma) for 4 h at 37°C in 5% CO 2 were used as positive controls. Following the infection, the supernatant and adherent cells were recovered. Plates for the cell death detection ELISA were read at 405 nm in a Power Wave X340 (Biotek Instruments Inc.) microplate reader. For the caspase-3 Western blots, the samples were loaded on a 12% (wt/vol) polyacrylamide gel, migrated at 100 V, and transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA). The membrane was blocked for 1 h at room temperature in 2% skim milk and then incubated overnight (O/N) at 4°C with polyclonal rabbit antibodies against cleaved caspase-3 and caspase-3. Membranes were washed three times in Tris-buffered saline and incubated with mouse anti-immunoglobulin G antibodies conjugated with horseradish peroxidase for 1 h at ambient temperature and revealed with 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma).
Microscopy. Cells were seeded to semiconfluence in four-well LabTekII chamber microscopy slides (Nunc, Naperville, IL) and incubated O/N. One ml of a 2.5 ϫ 10 6 -CFU/ml suspension of A. pleuropneumoniae S4074 was added, and slides were then incubated for 2 h at 37°C in 5% CO 2 . Following four washes with Dubelcco's phosphate-buffered saline (DPBS) (Gibco), cells were fixed for 10 min in methanol and stained for 30 min with Giemsa stain (Sigma). Four washes with DPBS were performed, and the slides were left to dry. Noninfected cells were also stained as controls. Observation was done at a ϫ1,000 magnification on a Leica DMR microscope.
Adherence assay. To quantify the adherence of the different strains on both cell lines, 2.5 ϫ 10 5 epithelial cells were seeded into wells of 24-well tissue culture plates (Sarstedt, Numbrecht, Germany) and incubated O/N. Bacteria from an O/N culture grown at an OD 600 of 0.6 were resuspended in the adequate cell culture medium to a concentration of 2.5 ϫ 10 6 CFU/ml. One ml of this suspension was added to each well at an MOI of 10:1, and the plates were incubated from 1 to 3 h. Nonadherent bacteria were removed by washing four times with DPBS. Cell with adherent bacteria were released from the wells by adding 100 l of 1ϫ trypsin-EDTA (Gibco) and resuspended in 900 l DPBS buffer. Serial Statistical analysis. Data were log transformed prior to analysis. A two-way analysis of variance, with the cell line and the bacterial strain as factors, was used at each time point separately. The level of statistical significance was set at 0.05 throughout. Analyses were carried out using the SAS software program, version 9.1 (SAS, Cary, N C). Contrasts were used to examine differences between pairs of means.
Invasion assay. Epithelial cells (2.5 ϫ 10 5 ) were seeded into wells of 24-well tissue culture plates and incubated O/N. One ml of a 2.5 ϫ 10 7 -CFU/ml bacterial suspension was added to the wells (MOI of 100:1). Plates were incubated for 1 to 3 h. Nonadherent bacteria were removed by washing four times with DPBS buffer. One ml of DMEM containing 100 g/ml of gentamicin was added to each well, followed by a 1-h incubation period at 37°C in 5% CO 2 . Killed bacteria were removed by washing twice with DPBS buffer. Cells were then lysed with 100 l of sterile distilled H 2 O, and samples were plated on agar plates and incubated O/N.
Protein profiling of SJPL and NPTr cells in contact with A. pleuropneumoniae. Protein profiling of the cells was performed to detect differentially expressed proteins. Two T175 flasks were seeded with a confluent monolayer of cells, and 25 ml of DMEM culture medium with or without 1 ϫ 10 7 CFU/ml of bacteria grown at an OD 600 of 0.6 was added to the flasks. Flasks were incubated for 3 h at 37°C in 5% CO 2 and then washed three times with DPBS, and 500 l of a lysis solution (20 mM morpholinepropanesulfonic acid, 0.5% triton X-100, and protease inhibitors) was added. Cells were removed from the flasks and transferred to microcentrifuge tubes on ice. Sonication at ϳ180 J was performed using an ultrasonic processor (Cole-Parmer, Vernon Hills, IL) in order to lyse the cells. The samples were then ultracentrifugated at 50,000 rpm for 30 min in a Sorvall RC M100 ultracentrifuge. The supernatant was preserved and analyzed for protein concentration using the Bradford assay (Bio-Rad). Samples were diluted to 2 mg/ml and frozen at Ϫ80°C. The samples were then analyzed using the Kinexus antibody microarray, which tracks changes in protein expression of 608 different cell signaling proteins in duplicate, including phosphorylation sites and kinases (Kinex Bioinformatics Inc., Vancouver, British Columbia, Canada). Fifty g of proteins from both the untreated (control) and treated cells were labeled with the same proprietary fluorescent dye. Each sample was separately applied to opposite sides of the antibody microarray, which contains a dam to prevent mixing of the samples. Following incubation of samples with the Kinex chip, the unbound proteins were washed away and the chips were scanned with a PerkinElmer ScanArray Express reader. Image analysis of the TIF files that were produced was performed using the ImaGene 7.0 software program from BioDiscovery (El Segundo, CA). Qualitative and semiquantitative analyses of the expression and phosphorylation states of the cell signaling proteins were performed.
EMSA for detection of NF-B and AP-1. Cells were infected at an MOI of 1:10 for 30 min, 1 h, or 3 h with A. pleuropneumoniae grown at an OD 600 of 0.6. Uninfected cells were used as a control. Cell stimulation was terminated by the addition of cold phosphate-buffered saline. Six g of nuclear proteins, extracted as described by Blanchette et al. (9) , were incubated for 20 min at room temperature in 1 l binding buffer (100 mM HEPES [pH 7.9], 40% [vol/vol] glycerol, 10% [wt/vol] Ficoll, 250 mM KCl, 10 mM dithiothreitol, 5 mM EDTA, 250 mM NaCl, and 10 mg/ml bovine serum albumin), and 200 ng/l poly(dI-dC)-0.02% bromophenol blue with 1 l of the labeled oligonucleotide containing a consensus sequence of NF-B/c-Rel homodimeric and heterodimeric complexes (5ЈA GTTGAGGGGACTTTCCCAGGC-3Ј; Santa Cruz Biotechnology, Santa Cruz, CA) or of AP-1 complexes (5ЈCGCTTGATGACTCAGCCGGAA-3Ј; Santa Cruz Biotechnology) which were previously labeled using T4 polynucleotide kinase and [␥-32 P]dATP (GE Healthcare, Piscataway, NJ). After incubation, DNA-protein complexes were resolved by electrophoresis in a 5% (wt/vol) nondenaturing polyacrylamide gel. Subsequently gels were dried and autoradiographed. The nonspecific probes (SP-1 [5ЈATTCGATCGGGGCGGGGCGAG-3Ј] used to confirm the specificity of the DNA/nuclear protein reactions were synthesized in our laboratory. Cold competitor assays were conducted by adding a 100-fold molar excess of homologous unlabeled oligonucleotide for NF-B or AP-1 and noncompetitor SP-1. For supershift assays, 2 g of nuclear proteins were incubated with binding buffer, poly(dI-dC), 0.02% bromophenol blue, labeled ologonucleotide, and 4 g specific antibody (anti-p50 and anti-p65N, both from Santa Cruz Biotechnology) at room temperature for 1 h and complexes resolved on a standard nondenaturing 5% (wt/vol) polyacrylamide gel. For the IRAK inhibition assays, the cells were preincubated for 1 h with 50 M IRAK 1/4 inhibitor (Calbiochem, Darmstadt, Germany) before addition of the bacteria for an incubation of 3 h. A nuclear protein electrophoretic mobility shift assay (EMSA) was then performed as mentioned above.
Stimulation of cytokine production. Induction assays were performed with both cell lines as described by Ramjeet et al. (48) . Briefly, 1 ml culture medium containing 1 ϫ 10 9 CFU A. pleuropneumoniae S4074, heat killed at 60°C for 45 min, was added to wells of 24-well tissue culture plates containing a monolayer of epithelial cells. The plates were incubated from 30 min to 48 h at 37°C in 5% CO 2 . The supernatant was then collected and analyzed by ELISA to detect the amounts of IL-1␤, TNF-␣, IL-6, and IL-8 produced by the stimulated epithelial cells as described by Ramjeet et al. (48) . The stimulation tests were also performed using 35 to 3,500 endotoxin units/ml of A. pleuropneumoniae serotype 1 S4074 LPS. These LPS concentrations were shown to induce a response in porcine alveolar macrophages (48) . As a control, NF-B inhibition assays were performed where cells were preincubated for 1 h at 37°C in 5% CO 2 with 25 g/ml caffeic acid phenethyl ester (Sigma) before addition of the bacteria for an additional incubation of 12 h. The supernatant was collected and tested by ELISA for the IL-8 concentration.
RNA extractions for microarray experiments. Monolayers of SJPL cells in T175 flasks were infected for 3 h with 100 l of an A. pleuropneumoniae culture with an OD 600 of 0.6 (MOI of 10:1). Planktonic bacteria were harvested from the culture supernatant, while adherent bacteria were harvested with the epithelial cells following two washes in phosphate-buffered saline buffer. Ice-cold RNA degradation stop solution (95% ethanol, 5% buffer-saturated phenol) was added to all samples at a 1:10 (vol/vol) ratio, and samples were then frozen at Ϫ80°C after a 5-min centrifugation at 4,000 ϫ g. The isolation of bacterial RNA was carried out using the Qiagen RNeasy minikit with an in-column DNase treatment, as prescribed by the manufacturer. RNA was further treated with Turbo DNase (Ambion, Tx) as prescribed by the manufacturer.
Transcriptomic microarray experiments. The AppChip1 design was part of the A. pleuropneumoniae 5b L20 genome sequencing project led by the team of John Nash (NRC-IBS, Ottawa, Canada). The microarrays used in this study contain PCR amplicons representing all the open reading frames that were identified in the A. pleuropneumoniae 5b L20 genome (13, 18) . RNA was reverse transcribed to cDNA using Invitrogen Superscript II reverse transcriptase. cDNA was indirectly labeled with monofunctional Cy3 or Cy5 N-hydroxysuccinimide ester (Amersham Biosciences, Piscataway, NJ). Samples from planktonic growth or adhesion versus growth in DMEM medium were combined and cohybridized on the microarray. Four hybridizations were conducted for each condition, including a pair of microarrays for which the Cy3 and Cy5 dyes were swapped. Microarray analysis was carried out using the TM4 software suite (The Institute for Genomic Research) and the significant-analysis-of-microarrays algorithm, using a false-discovery-rate value of 0% (50) . For the planktonic and adhesion experiments, the Cy5 signal was compared to the Cy3 signal in order to obtain a list of significantly differentially expressed genes. In order to obtain the list of differentially expressed genes between planktonic growth and adhesion, log 2 ratios were compared in TM4, also using the significant-analysis-of-microarrays algorithm. Functional classification was performed using The Institute for Genomic Research's Comprehensive Microbial Resource (47) .
Microarray data accession number. Data files have been submitted to the Gene Expression Omnibus (GEO accession number GSE12009).
RESULTS

Effect of bacterial infection on viability of epithelial cells.
A. pleuropneumoniae expresses potent exotoxins. To ensure cell viability in our experiments, cell death assays were performed at different MOIs (10:1, 100:1, and 1,000:1) and with different incubation periods (0.5 h, 1 h, 2 h, 3 h, and 4 h) with A. pleuropneumoniae strain S4074 representing serotype 1. LDH cytotoxicity assays to detect necrosis were first performed. Important cytotoxicity was observed after an incubaction of 4 h (up to 80% at an MOI of 10:1) or with an MOI of 100:1 (up to 40% at 3 h) (data not shown). An MOI of 10:1 and incubation times not surpassing 3 h were chosen for subsequent tests as a result of low cytotoxicity under these conditions (Fig. 1 ). Since cell death by apoptosis cannot be detected by the LDH test, apoptosis assays were also preformed. An ELISA assay detecting DNA degradation and a Western blot assay detecting caspase-3 activation were carried out and demonstrated that neither cell line undergoes apoptosis after 3 h of bacterial infection at an MOI of 10:1 (data not shown).
Adherence of A. pleuropneumoniae. Standardization of adherence models was performed using both cell lines and the A. pleuropneumoniae reference strain S4074. Microscopy assays visually demonstrated the adhesion of the bacteria to the cells (Fig. 2) . The increase of adherence over time was well demonstrated in the adherence assay, with an increase of about 1 log every hour (Fig. 3) .
Protein profiling of SJPL and NPTr cells incubated with A. pleuropneumoniae. Protein profiling of SJPL and NPTr cells incubated with A. pleuropneumoniae was performed as a rapid screening method using the Kinexus antibody microarray. Six hundred eight cell signaling proteins, including 250 phospho sites, 240 protein kinases, and 110 cell signaling proteins that regulate cell proliferation, stress,and apoptosis, were represented on the microarray. Only proteins with an n-fold change of Ϯ1 and higher on a log 2 scale were deemed differentially expressed. Twenty proteins were upregulated for the SJPL cells, in contrast to 21 for the NPTr cells, while 25 proteins were downregulated for both the SJPL and NPTr cells (see Tables S1 and S2 in the supplemental material). Among the upregulated proteins, most were implicated in stress response. Mostly proteins implicated in cell growth and proliferation were observed to be downregulated. Among the proteins differentially expressed, IB kinase ␣ (IKK␣), IKK␤, IRAK4, and three different MEKK proteins were detected and directed our focus toward the NF-B and AP-1 pathways and ultimately to an examination of the production of cytokines by the epithelial cells.
NF-B induction and cytokine production. EMSAs detecting the induction of NF-B and AP-1 were performed on both cell lines following incubation with A. pleuropneumoniae S4074, since proteins involved in these pathways were observed to be differentially expressed in our previous experiment. In comparison to the basal level of uninfected cells, a clear induction of NF-B was noticed for the NPTr cells as soon as at 1 h postinfection which is represented by the appearance of bands of higher density in the upper part of the gel, corresponding to a band shift (Fig. 4A) . Only a slight increase in density was observed for the SJPL cells at 3 h postinfection. In order to assess the specificity of the NF-B induction, a supershift assay using specific antibodies was carried out for the detection of two subunits of NF-B, p50 and p65. The p50 subunit was found to be induced for the SJPL cells but not the NPTr cells after 3 h of incubation with A. pleuropneumoniae S4074, and inversely, the p65 subunit was induced in the NPTr cells only (Fig. 4B) . No induction of the AP-1 transcription factor was detected for either cell line in comparison to results for the uninfected cells (data not shown).
To further investigate the bacterium-based induction of the NF-B transcription factor, we evaluated cytokine production by both cell lines under stimulation conditions. Incubations for up to 48 h of the SJPL and NPTr cells with heat-killed A. pleuropneumoniae were then performed to quantify the production of IL-1␤, IL-6, IL-8 and TNF-␣, proinflammatory cytokines involved in innate immunity, by the epithelial cells. ELISAs performed on the supernatant samples showed that under these conditions, the NPTr cells but not the SJPL cells secrete IL-8. Production of IL-8 by the NPTr cells increased over time to reach 2,500 pg/ml at 48 h (Fig. 5) , in comparison to 800 pg/ml with purified LPS. However, no IL-1␤, IL-6, or TNF-␣ was detected in the samples from both cell lines (data not shown). Following inhibition of NF-B by caffeic acid A. pleuropneumoniae transcriptomic profiling. To assess the transcriptional response of A. pleuropneumoniae to both planktonic life over and adherence to SJPL cells, transcript profiling experiments using DNA microarrays were performed after an incubation time of 3 h. Overall, 170 genes were significantly differentially expressed during planktonic growth (Tables 2 and  3) , with this number dropping to 131 during adhesion to SJPL cells (Tables 4 and 5 ). While some genes showed similar patterns of expression during the two conditions, 150 were differentially expressed(see Table S3 in the supplemental material).
The genes that showed the highest level of upregulation during planktonic growth belonged to the "Energy metabolism" functional class, and this class was also the most affected, with 24 out of the 82 upregulated genes. Surprisingly, most of these genes are involved in anaerobic respiration. Various enzymes involved in anaerobic respiration using alternative electron acceptors were upregulated: genes encoding subunits of the formate dehydrogenase (fdxG, and fdnHI) and nitrate reductase (nrfABC), which are essential for anaerobic respiration on nitrate (35, 62) , and genes encoding subunits of the fumarate reductase (frdACD), which allows fumarate to serve as a terminal electron acceptor (10) , were all upregulated. Furthermore, the genes pgi, fbp, and pykA, which encode three enzymes involved at various steps of glycolysis, glucose-6-phosphate isomerase, fructose-1,6-bisphosphatase, and pyruvate kinase, respectively, showed an increase in transcription. Two dehydrogenases, alcohol dehydrogenase I (encoded by adhI) and malate:quinone oxidoreductase (encoded by mqo), are also involved in anaerobic respiration, the latter being controlled by the ArcA-ArcB two-component system (59) . The genes aspA and dmsA were also upregulated. The "Transport and binding proteins" class was the second most affected, with 12 upregulated genes. Genes involved in the transport of Llactate (lctP), formate and nitrite (yrhG), sucrose (ptsB), and glycerol (glpT) were all induced, as was the gene modA, which encodes a periplasmic protein involved in the ABC transport of molybdate (25) . The gene APL_0443, coding for a putative autotransporter adhesin, showed a 1.9-fold induction. Genes downregulated during planktonic growth mostly belonged to the "Protein synthesis" and "Transport and binding proteins: cations and iron" functional classes. The hgbA hemoglobin receptor gene and its hugZ heme utilization protein cotranscript were downregulated, and other well-established These genes are cotranscribed with other members of the TonB1 (exbB1, exbD1, tbpA, and tbpB) and TonB2 (exbB2 and exbD2) energy transduction system (7), but these were not identified in our study. At this time, the genes exbB1, exbD1, and tbpB are not present on AppChip1, and the gene tbpA was not downregulated. The genes exbB2 and tonB2, however, exhibit a twofold average downregulation, but variations between chips might have caused these to be ignored by our very stringent analysis parameter (false discovery rate ϭ 0%). A high number of genes that were identified for the first time in A. pleuropneumoniae in our previous transcript profiling experiment under iron restriction (13) were also downregulated. The open reading frames APL_1952 to APL_1955, which code for a putative second hemoglobin receptor system and are likely transcriptionally linked, were repressed, as were the genes APL_0714-APL_0715-APL_0717, encoding a putative ABCtype siderophore transport system, and the genes yfeABD, likely responsible for the ABC-like periplasmic binding protein-dependent transport of chelated iron and possibly manganese. The genes cpxABC, coding for the capsule polysaccharide ABC-type export system, were also all downregulated, along with the gene ssa1, encoding a putative autotransporter serine protease. Interestingly, some genes potentially involved in adhesion and biofilm biosynthesis were upregulated during adherence to SJPL cells. The genes rcpA and tadB, which belong to a large operon of 14 genes, were upregulated, as were the genes pgaBC, involved in poly-␤-1,6-N-acetyl-D-glucosamine biofilm biosynthesis. A small number of genes involved in iron acquisition were also upregulated, the most notable being fecE and APL_1955. Once again, genes involved in anaerobic respiration were shown to be upregulated. Other enzyme genes coding for hydrogenases (hyaA and hybB) or dehydrogenases (lldD and fdhE) involved in energy metabolisms also showed upregulation. The gene fucO, essential for the anaerobic degradation of fucose, and the genes fucI and fucK, (11) , involved in the general fucose degradation pathway, were also upregulated.
Only 52 genes were identified as downregulated, and most of them belong to the "Energy metabolism" functional class. The six enzymes which catalyze the first six steps of glycolysis (encoded by gapA, pgk, fbp, tpiA, pgi, and fba) were downregulated, as was the gene maeA, responsible for the first step of gluconeogenesis, and the gene tktA, which links glycolysis to Adherence and invasion of A. pleuropneumoniae and other members of the Pasteurellaceae. Other serotypes of A. pleuropneumoniae and different swine-colonizing members of the Pasteurellaceae were tested using the adherence models. Differences in adherence were observed between strains for a given cell line and between the cell lines for a given strain (Fig.  6) . We noticed that the field strains of A. pleuropneumoniae adhered significantly more to the cell lines than the reference strain of the same serotype. We also noticed that the level of adherence to a given cell line was strain dependent. Following the observation that all members of the Pasteurellaceae tested adhered to the cell lines, invasion tests were performed. A. pleuropneumoniae S4074 did not invade either cell line in our infection model, while the other members of the Pasteurellaceae tested showed invasion. H. parasuis showed the highest level of invasion, although at a reduced level compared to invasion seen with endothelial cells (Fig. 7) (60) .
DISCUSSION
Using immortalized porcine lung and tracheal epithelial cells, we were able to study the host-pathogen interactions of A. pleuropneumoniae. In our models, A. pleuropneumoniae provoked cell death very rapidly through necrosis and not apoptosis. The presence of this bacterium causes many changes in the protein profiles of both epithelial cell lines. Indeed, using an antibody microarray as a rapid screening for differential protein expression, we were able to direct our efforts toward the NF-B pathway, since numerous differentially expressed proteins were implicated in the NF-B pathway, including IKK␣ and IKK␤. NF-B consists of a homo-or heterodimer composed of the five mammalian Rel proteins, p65, c-Rel, p50, p52, and RelB (24), with the p50/p65 heterodimer being the most abundant and active of the NF-B complexes (2) . Out of the five subunits, only p65 (RelA), RelB, and c-Rel were found to contain the C-terminal transactivation domains essential for gene activation. In contrast, p50 and p52 do not possess the transactivation domains and therefore cannot act as transcriptional activators by themselves (39) . Additionally, p50 and p52 are synthesized as precursor proteins that belong to the IB family known as inhibitors of NF-B, and homo-or heterodimers of p50 and p52 were also reported to repress B site-dependent transcription in vivo (39) . Interestingly, the p50 subunit was found to be induced in the SJPL cells but not in the NPTr cells after 3 h of incubation with A. pleuropneumoniae S4074, and inversely, the p65 subunit was induced in the NPTr cells only. It should be noted that the absence of detection of either p50 in the NPTr cells or p65 in the SJPL cells is not due to a weak bacterium-induced expression but is most probably due to the incapacity of the cell line to express the protein, since no basal level of expression was observed under unstimulated conditions for the subunits p50 in the NPTr cells and p65 in the SJPL cells. Those results suggest that in the absence of p65, inactive p50/p50 homodimers are more likely to form in the SJPL cells. The absence of IL-8 production by the SJPL cells might be explained by the weak NF-B induction observed in the EMSAs but certainly correlates with the absence of the p65 subunit, necessary for binding to the IL-8 promoter. Previous studies have also shown that the binding affinity of p50 for the human IL-8 promoter is weak compared to the binding of the p65 subunit (38) . Different pathways can activate NF-B, the most frequent in gram-negative bacterial infection being the classical pathway through Toll-like receptor activation by LPS (44) . We demonstrated that this is the case for the SJPL cells but not for the NPTr cells. A possibility is that an alternative pathway for NF-B activation was used in the NPTr cells where IKK␣ homodimers are activated instead of the IKK␤ in the classical pathway, leading to NF-B2/p100 phosphorylation. This is a possibility, since this modification creates the production of p52 (44), a subunit which seems to be present in the stimulated NPTr cells, as seen in the EMSA, where a band slightly higher than p50 was detected, and since IKK␣ was upregulated in the NPTr antibody microarray. This pathway is generally triggered by TNF receptor family mem- bers, such as LT␤R, BAFF-R, CD40, and CD30 (44) . Additional experiments are necessary, however, to confirm this theory.
The presence of the epithelial cells stimulated differential expression of many A. pleuropneumoniae genes. Although it was shown previously, with the evidence of a putative involvement in virulence of genes dmsA and aspA, that genes involved in anaerobic respiration might in fact be essential for full virulence of A. pleuropneumoniae in the host (3, 5, 30) , it is still unclear why genes involved in anaerobic respiration are upregulated under our experimental conditions. While such a metabolic switch might be important in vivo to adapt to the lack of oxygen in the deep lung tissues, it should not be necessary in our experimental setup unless this apparent aerobic/ anaerobic shift is controled by a host cell-associated factor rather than by oxygen sensors. In fact, it is worth noting that this metabolic shift does not seem to be complete, since genes involved in aerobic respiration are not downregulated. The upregulation of the gene sodA, coding for a cytoplasmic Mn superoxide dismutase (21) , also seems to indicate that aerobic respiration is not stopped, since these cytoplasmic superoxide dismutases are specifically useful in removing superoxide anions generated during the course of aerobic respiration (54) .
A gene with possible involvement in virulence was also identified. Locus tag APL_0443 is described as an autotransporter adhesin. This protein shows a region of high homology with the A. actinomycetemcomitans extracellular matrix protein adhesin A (EmaA), an oligomeric autotransporter with a YadA domain (57) , and the putative Mannheimia haemolytica Hsf protein (40) . In Haemophilus influenzae serotype b, Hsf (Haemophilus surface fibrils) is considered the major nonpilus adhesin (55) and was found to be associated with adherence to human epithelial cells (6, 26) . Whether this putative A. pleuropneumoniae Hsf protein has these properties remains to be seen, but the upregulation of this gene during planktonic life over SJPL cells might hint to a possible role in the initial steps of A. pleuropneumoniae adhesion during infection.
The fact that iron, in DMEM, is available only in the form of ferric nitrate (12) might explain why iron acquisition systems are more expressed in cell-free DMEM than during planktonic growth. Experiments conducted in our laboratory have shown that ferric nitrate cannot support growth of A. pleuropneumoniae in an ethylenediamine dihydroxyphenyl acetic acid ironrestricted medium (13) . Lysis of SJPL cells, leading to the release of the intracellular content of those cells in the medium, supplies the planktonic bacteria with more readily available sources of iron, for example, iron-sulfur clusters in the catalytic core of enzymes and ferritin-bound ferric iron.
Some genes with possible involvement in virulence also came up as downregulated during planktonic growth. Downregulation of the cpxABC operon during planktonic growth over SJPL cells might indicate that when in contact with host cells, A. pleuropneumoniae might wear a thinner polysaccharide layer in order to unmask some adhesins. Surprisingly, this downregulation of the cpx operon was not seen during adhesion to SJPL cells. Upon verification of changes during adhesion, only cpxC showed a low level of downregulation (Ϫ1.24), although this was not statistically significant. Repression of the gene ssa1 was surprising, since this gene, also termed aasP, was shown to be expressed in vivo during the chronic stage of the disease (3). However, this gene was also shown to be iron responsive, as indicated by its upregulation during iron restriction (13) . It might therefore simply follow the same trend as other iron-responsive genes which were downregulated during planktonic growth.
Our main focus, when looking at overexpressed genes during adherence to porcine lung epithelial cells, was to search for new potential adhesins. The genes tadB and rcpA are part of a large operon which, in A. actinomycetemcomitans, is composed of 14 genes (36) and mediates nonspecific adhesion to solid surfaces, whether they are biological surfaces or not (16) . The genetic organization of the A. pleuropneumoniae tad locus is identical to that for A. actinomycetemcomitans (58) . Although it is suspected that the tad genes might be transcribed as an operon, only two genes were identified as upregulated in our study. The 12 other genes are present on the microarray but are not significantly induced. Expression of the tad genes is responsible for the rough colony phenotype of A. actinomycetemcomitans, but smooth variants often arise after continued passage on rich medium (49) since mutations often appear in the promoter region of the gene flp-1 (58) . We suspect that this might also be the case for A. pleuropneumoniae, since most field isolates exhibit this rough colony phenotype while the reference strains are often smooth colony variants. As is the case for A. actinomycetemcomitans, the Tad proteins might play an important role for the colonization of the respiratory tract by A. pleuropneumoniae, but this will have to be further investigated. Other genes possibly involved in adhesion were also upregulated during adhesion to SJPL cells. The genes pgaB and pgaC are both involved in poly-␤-1,6-N-acetyl-Dglucosamine (PGA) biofilm formation. A pgaABCD cluster is present in the App5b L20 genome, and the gene pgaC has been shown to be present in 15 reference strains (29) . These results are interesting since the only components that have been clearly shown to be involved in A. pleuropneumoniae adhesion to lung surfaces to date are LPS (1, 8, 34, 45, 46) .
The gene hlyX was downregulated during adhesion to SJPL cells. This gene, which encodes the A. pleuropneumoniae FNR anaerobic global regulator homolog, was shown to be important for the colonization and persistence of A. pleuropneumoniae in the respiratory tracts of swine (5) . The repression of hlyX probably explains the repression of aspA, which is presumably regulated by HlyX, as well as the downregulation of a few other genes linked with anaerobic respiration (fdxG, torZ, nrfB, and frdD). Genes putatively regulated by HlyX have been shown to be induced by bronchoalveolar lavage fluid from infected pigs (30) , and it is possible that hlyX expression follows the same pattern. Also, putative HlyX-regulated genes were upregulated during planktonic growth over SJPL cells.
ApxI and ApxII have been shown to be major virulence factors in A. pleuropneumoniae. Not much is known about transcriptional regulation of those toxins in A. pleuropneumoniae. Studies have shown that levels of oxygen do not influence the levels of ApxI and ApxII (33) and that the iron response regulator Fur seems to have variable effects depending on the calcium concentration in the culture medium (28) . Under high calcium concentrations, Fur seemed to act as an activator of the apxI operon, while it seemed to act as a repressor under low calcium concentrations. A previous microarray study conducted under iron restriction showed that Fur does have an Adherence is seen in both models for all A. pleuropneumoniae strains and serotypes tested. It is interesting to note that field strains adhere more to the cell lines than the reference strain of the same serotype. No invasion is noticed for A. pleuropneumoniae, even though close relatives, such as A. actinomycetemcomitans and H. parasuis, are known to be invasive (17, 42, 60) .
Overall these results showed the efficacy of the models and allowed us to gain a great amount of knowledge of A. pleuropneumoniae host-pathogen interactions. Indeed, interaction of A. pleuropneumoniae with host epithelial cells seems to involve complex cross talk which results in the regulation of various bacterial genes. Many virulence genes were upregulated, including genes coding for the putative adhesins Hsf and poly-␤-1,6-N-acetyl-D-glucosamine, while capsular polysaccharideassociated genes were downregulated, possibly exposing adhesins usually hidden by a thick capsule. Incubation with A. pleuropneumoniae then led, for both cell lines, to the induction of NF-B. This is done through the activation of a Toll receptor for the SJPL cells but through an alternative pathway for the NPTr cells. The NPTr cells then secrete IL-8, which is known to attract neutrophils to the infection site, while the SJPL cells do not due to the absence of the p65 subunit of NF-B. These models are a biologically relevant tool for studying porcine respiratory tract pathogens which could be further used, in the future, to evaluate the effect of a preinfection with agents such as mycoplasmas and viruses, often present with bacterial pathogens under field conditions.
